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Abstract The current knowledge on thermal water resour-
ces in carbonate rock aquifers is presented in this review,
which also discusses geochemical processes that create
reservoir porosity and different types of utilisations of these
resources such as thermal baths, geothermal energy and
carbon dioxide (CO2) sequestration. Carbonate aquifers
probably constitute the most important thermal water
resources outside of volcanic areas. Several processes
contribute to the creation of porosity, summarised under
the term hypogenic (or hypogene) speleogenesis, including
retrograde calcite solubility, mixing corrosion induced by
cross-formational ﬂow, and dissolution by geogenic acids
from deep sources. Thermal and mineral waters from karst
aquifers supply spas all over the world such as the famous
bath in Budapest, Hungary. Geothermal installations use
these resources for electricity production, district heating or
other purposes, with low CO2 emissions and land con-
sumption, e.g. Germany’s largest geothermal power plant at
Unterhaching near Munich. Regional fault and fracture
zones are often the most productive zones, but are some-
times difﬁcult to locate, resulting in a relatively high
exploration uncertainty. Geothermal installations in deep
carbonate rocks could also be used for CO2 sequestration
(carbonate dissolution would partly neutralise this gas and
increase reservoir porosity). The use of geothermal instal-
lations to this end should be further investigated.
Keywords Carbonate rocks . Karst . Thermal and mineral
water . Geothermal energy . Review
Introduction
Deep carbonate rock aquifers, most of which are to some
degree karstiﬁed, are probably the most important thermal
water resources outside of volcanic areas. Although there
is no detailed and reliable global assessment of thermal
water resources, the following examples illustrate the
importance of karst aquifers for both thermal baths and
geothermal installations.
Europe’s largest naturally ﬂowing thermal water
system, the hot spring and wells that supply the baths
of Budapest, Hungary, is discharging from Triassic
carbonate rocks (Fig. 1). Many caves and related
phenomena can be observed in the “Buda Karst”
(Dublyansky 1995; Erőss et al. 2008b). Europe’s
second-largest occurrence of mineral and thermal
springs, in Stuttgart, Germany, is also associated with
a karst aquifer (Ufrecht 2006a), as are many other
thermal springs and spas in Germany (Käss and Käss
2008), Switzerland (Muralt et al. 1997), France (Levet
et al. 2002), Italy (Minissale et al. 2002), the UK
(Brassington 2007; Gallois 2007), Turkey (Gemici and
Filiz 2001), Jordan (Bajjali et al. 1997), Tunisia (Inoubli
et al. 2006), Algeria (Djidi et al. 2008), Canada (Allen
et al. 2006; Van Everdingen 1991), China (Ma et al.
2009; Zhou et al. 2008) and many other regions of the
world.
Germany’s largest geothermal power station, located at
Unterhaching, near Munich, exploits thermal water from
Upper Jurassic (Malm) limestone below the Molasse
basin, the northern foreland basin of the Alps (Berge and
Veal 2005; Keller 1991). This deep karst aquifer is
considered to be the largest thermal water resource in Central
Europe, but unlike the aquifers in Budapest or Stuttgart, it is
mainly accessible via drilled wells. The production well at
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Unterhaching is 3,346 m deep and produces ca. 150 L/s of
123°C hot water, used for heating and electric power
generation. Several other geothermal installations and baths
in Switzerland, south Germany and Austria also use thermal
water from the same regional aquifer.
Carbon dioxide (CO2) plays a key role in the evolution
of karst aquifers, including deep and thermal aquifers
(Dreybrodt 1990; Klimchouk 2007). In turn, geothermal
installations in deep karst aquifers offer promising possibil-
ities for CO2 sequestration, which would at the same time
increase the transmissivity of these aquifers and, thus, the
economic efﬁciency of geothermal installations, although
not without drawbacks such as possible subsidence.
While many publications deal with freshwater and
drinking-water resources from karst aquifers, there is no
readily available study systematically investigating the
role of carbonate rock aquifers as thermal water resources
and the possible use of these aquifers for geothermal
energy production and CO2 sequestration. Therefore, the
goals of this review are to:
1. Outline thermal water resources in carbonate rock
aquifers as parts of deep regional groundwater ﬂow
systems and thermal springs as their discharge features.
2. Evaluate dissolution processes in deep carbonate rock
aquifers, which are crucial for the creation of porosity
and permeability (“hypogenic speleogenesis”).
3. Compile examples of thermal baths and geothermal
power stations using thermal water from carbonate rock
aquifers, with a focus on Central Europe.
4. Discuss the use of geothermal installations in carbonate
aquifers for CO2 sequestration.
Basic terms and concepts
Thermal water and hot springs
Springs are among the most characteristic features of karst
areas (Ford and Williams 2007). Karst areas where springs
with elevated temperatures occur can be termed thermal
karst. There is no widely accepted deﬁnition for thermal
water or thermal springs and for the related terms of cold,
warm and hot springs, but two thresholds are often
considered: the average local air temperature and the human
body temperature (Pentecost et al. 2003). Springs whose
temperature is more than 5°C above the mean annual air
temperature can be deﬁned as thermal (White 1957). An
obvious drawback of this deﬁnition is that in cold regions, a
spring with 5°C would be considered thermal (e.g. Grasby et
al. 2000), while a 20°Cwarm spring in the tropics would not.
The advantage is, however, that relative temperature differ-
ences point to hydrogeologically relevant heat anomalies.
Relative temperatures are also of practical relevance: 20°C
warm water is economically valuable in cold regions but not
in a warm climate. The human body temperature of 37°C is
an unambiguous threshold to differentiate warm and hot
springs (Meinzer 1923; Pentecost et al. 2003). Cold springs
can be deﬁned either by relative or absolute temperatures,
but are less relevant here.
Thermal water within the framework of hierarchical
flow systems
Groundwater circulation at different scales can be under-
stood within a conceptual framework of hierarchical ﬂow
systems, consisting of local, intermediate, and regional ﬂow
Fig. 1 The “Rudas Thermal Bath” in Budapest, Hungary, supplied by thermal water from the karst aquifer that crops out behind the bath,
situated near the Danube River representing the regional base level (photo: N. Goldscheider)
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systems (Tóth 1962, 1963, 1999). Thermal water resources
in continental carbonate rock aquifers outside volcanic zones
are related to deep, regional ﬂow systems, characterised by
cross-formational hydraulic continuity (Fig. 2; Tóth 1995;
Frumkin and Gvirtzman 2006; Klimchouk 2007). Springs
draining these systems are often situated close to the regional
base level (Worthington and Ford 1995; Gunn et al. 2006).
Water circulation in thermal karst systems is generally
gravity-driven, caused by topographic gradients (Tóth
2009). Temperature-induced density gradients act simulta-
neously and facilitate the upward ﬂow of hot water toward
springs; reduced viscosities further accelerate thermal water
circulation. Fractures and faults are major controls on
groundwater ﬂow. Faults can form conduits or barriers, but
their hydraulic function depends on several factors and is
often difﬁcult to predict (Caine et al. 1996; Underschultz et
al. 2005). High-permeability faults are crucial for the
development of thermal systems (Forster and Smith 1988a,
b; Lopez and Smith 1995, 1996). The fault dip inﬂuences the
circulation depth and, thus, the resulting water temperature;
so thermal springs are also often aligned along faults
(Grasby and Hutcheon 2001; Li et al. 2007).
The basic genetic settings of caves (Palmer 1991) can
also be used to classify karst aquifer systems and
speleogenetic processes: (1) coastal and oceanic, (2)
deep-seated, conﬁned, predominantly hypogenic speleo-
genesis, and (3) unconﬁned, predominantly epigenic
speleogenesis (Klimchouk et al. 2000). Epigenic karst
systems are directly inﬂuenced by the inﬁltration of
meteoric water and CO2 from the atmosphere and soil
(“epi” means above or outermost, like epidermis) and are
often associated with local–to–intermediate ﬂow systems.
Hypogenic systems are inﬂuenced by deep energy and gas
sources (hypo means below or deep) and are associated
with regional ﬂow systems (Klimchouk 2007). Processes
of hypogenic speleogenesis are crucial for the creation of
certain types of porosity and permeability.
Sources of water and heat
Klimchouk (2007) stresses the dominantly meteoric origin
of waters in hypogenic karst-aquifer systems, but also
mentions that connate and magmatic waters are sometimes
involved. Deming (2002) classiﬁed underground waters as
oceanic, meteoric and evolved waters. Evolved water can
originate from the ocean or atmosphere but its initial
composition has changed by physical–chemical processes.
The term juvenile is discarded because it is known from
plate tectonics that water emitted at volcanoes is
recycled oceanic water; also connate water is generally
derived from the afore-mentioned sources. Thermal
water can consequently be considered as evolved water.
The main focus has to be on the understanding of its
evolution in the context of the geologic development
and structure of the karst system, together with the ﬂow
regime and boundary conditions in a hydraulic and
geochemical sense. High topographic gradients between
elevated meteoric recharge areas and low-lying dis-
Fig. 2 Schematic illustration of groundwater ﬂow and karstiﬁcation processes in a deep and mostly hypogenic inland–carbonate–rock
system. Potential position of a geothermal doublet that could also be used for CO2 sequestration is also displayed. Arrows indicate ﬂow
direction, and blue to red colours indicate cold to hot water temperatures. The ﬂow system is primarily gravity-driven, caused by
topographic gradients between the recharge area and the thermal springs; sedimentary compaction, tectonic compression and density
differences act as additional driving forces; thermal convection can occur near discharge zones
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charge zones result in high hydraulic gradients, which
generally act as the principal driving force, but other
phenomena such as sediment compaction, tectonic
compression and density gradients can also contribute
(Bjorlykke 1993; Klimchouk 2007).
A variety of heat sources and transport mechanisms
contribute to the formation and functioning of thermal
karst systems (Drogue 1985). Heat comes from two
sources: the residual heat of the Earth and radioactive
decay. The average thermal gradient in continental areas
is 30°C/km resulting in an average heat ﬂow of 65 mW/
m2, but gradients of 100–200°C/km or more can be
observed in volcanic zones (Economides and Ungemach
1987). Heat can be transported by conduction, con-
vection and radiation; convective heat transport by
ﬂowing groundwater is the most efﬁcient process (Sass
2007). Upward ﬂow of thermal groundwater in dis-
charge zones increases near-surface geothermal gra-
dients and heat ﬂows (Bredehoeft and Papadopulos
1965).
Thermal springs and other features in discharge
zones of regional flow systems
At discharge areas, in addition to positive thermal
anomalies, high levels of total dissolved solids and
reducing conditions in the spring water, accumulation of
transported material in the form of mineral deposits, and
phreatophytic vegetation can be observed (Tóth 1971,
1999). Degassing of CO2-rich thermal waters causes
precipitation of carbonates such as the travertine terraces
of Pamukkale, Turkey (Altunel and Hancock 1993; Dilsiz
2006), the widespread travertine deposits in central Italy
(Minissale 2004) or the rich speleothems in the Buda
Karst (Erőss et al. 2008b). Mixing of reducing water from
deep ﬂow systems, including dissolved Fe2+ and Mn2+
with oxygen-rich water from shallower ﬂow systems, can
cause precipitation of iron and manganese oxides and
hydroxides in discharge zones. These mineral deposits
accumulate 226Ra, the mother isotope of 222Rn, which can
often be found at high levels in spring waters where
mixing processes take place (Gainon et al. 2007). Micro-
bial mats are often involved in such precipitation and
accumulation processes, as shown for the Misasa hot
springs in Japan (e.g. Fujisawa and Tazaki 2003) or for
hydrothermal springs in the Massif Central, France
(Casanova et al. 1999).
High sulphate concentrations frequently occur in
thermal springs that discharge from carbonate aquifers.
A direct relationship was found between sulphate and
temperature, and an inverse relationship with discharge
(Worthington and Ford 1995). Sulphate originates from
the oxidation of sulphide minerals such as pyrite
(Langmuir 1971) and/or from the dissolution of gypsum
and anhydrite (Bretz 1949). Deep ﬂuids containing
hydrogen sulphide that transforms into sulphuric acid
when it comes in contact with oxygen-rich water also
contribute to the sulphate content of thermal springs
(Egemeier 1981; Hill 1987).
Cold, warm and hot springs often discharge next to
each other but originate from different ﬂow systems. The
discharge, chemical composition and temperature of
thermal springs from regional ﬂow systems are more
stable compared to cold springs from local ﬂow systems.
Karstiﬁcation processes in deep carbonate rock
aquifers
Basic geochemical process and hydrogeologic
relevance
Most well-studied karst and cave systems are found in
relatively shallow, unconﬁned geologic settings. Karstiﬁ-
cation and speleogenesis in such epigenic systems is
driven by the inﬁltration and circulation of meteoric water
including CO2 from the atmosphere and soil. The basic
chemical equation describing calcite dissolution is as
follows (Dreybrodt 2000):
CaCO3þCO2þH2O ¼ Ca2þ þ 2HCO3 ð1Þ
It is often supposed that solution of carbonate rocks is
not important at depth. However, according to Klimchouk
(2007), hypogenic speleogenesis, i.e. the formation of
solutional conduits in deep, conﬁned aquifers, is wide-
spread but often underestimated due to the limited
accessibility of these systems. Many hypogenic caves
have later been reshaped by meteoric waters and are thus
difﬁcult to recognise (Palmer 1991; Audra et al. 2007).
Field observations and theoretical considerations conﬁrm
dissolution phenomena in deep aquifers, which is relevant
for both hot springs and geothermal installations:
– Karst conduits allow rapid transfer of hot water from
great depths toward springs, while diffuse ﬂow favours
cooling of the thermal ﬂuids and mixing with cold
groundwater.
– The presence of enlarged fractures and conduits increases
the porosity and permeability of the thermal reservoir
and, thus, the efﬁciency of geothermal installations.
Hypogenic speleogenesis enhances vertical hydraulic
conductivity and cross-formational ﬂow. Hence, there is a
positive feedback between conduit development and the
expression of thermal anomalies. In other words, hypo-
genic speleogenesis moves high-gradient thermal zones
into relatively shallow positions and eventually allows
transfer of hot water to springs (Klimchouk 2007). The
following sections review different processes causing
deep, hypogenic karstiﬁcation. Figure 2 shows the typical
location of these processes in a regional ﬂow system;
Fig. 3 illustrates the most relevant processes in a
simpliﬁed way.
Paleokarst
Many deep carbonate rocks were exposed to epigenic
karstiﬁcation in earlier geologic times such as the Malm
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aquifer below the Molasse Basin in the Alpine Foreland
mentioned in the introduction, which was exposed during
the Cretaceous and Palaeocene, and subsequently buried
by sediment in the Oligocene and Miocene (Keller 1991).
Paleokarst refers to fossilised karst features that are out of
adjustment with the present geomorphic setting (Bosak et
al. 1989). Nevertheless, paleokarst can contribute to
aquifer porosity (Smosna et al. 2005) and is often
reactivated by modern karstiﬁcation (Ford 1995), includ-
ing epigenic and hypogenic processes. According to
Klimchouk (2007), karst phenomena encountered in deep
thermal drillings are often erroneously classiﬁed as
paleokarst, due to a lack of understanding of active
hypogenic karst processes.
Mixing corrosion
When two different calcite-saturated waters mix, the
resulting mixture is undersaturated with respect to calcite
and thus aggressive (Fig. 3a). Bögli (1964) considered
“mixing corrosion” the key process for karstiﬁcation, but
Gabrovsek and Dreybrodt (2000) showed that epigenic
karst networks can evolve without this process, although
mixing corrosion accelerates karstiﬁcation. However,
mixing corrosion is highly relevant for hypogenic sys-
tems, where waters of contrasting hydrochemical compo-
sition frequently mix by cross-formational ﬂow, at
stratigraphic contacts or along faults (Klimchouk 2007).
In this way, the aggressiveness of previously saturated
waters can be rejuvenated (Palmer 1991). Mixing is highly
effective where water rises from depth and encounters
near-surface meteoric water (Fig. 2). Flank margin caves
that form in the mixing zone of freshwater and seawater
represent a special case of mixing corrosion but are not
further discussed here (Mylroie and Mylroie 2007).
Importance of calcite dissolution kinetics for deep
karstification
In earlier times, deep karst phenomena were mostly
explained as buried epigenic karst or due to the action of
CO2, H2S or H2SO4 from deep sources. Otherwise,
speleogenesis at great depth was considered impossible,
because inﬁltrating meteoric waters containing CO2 were
supposed to become saturated with respect to calcite after
short ﬂow distances. However, experimental studies have
shown that the dissolution rate gets extremely slow when
calcite saturation exceeds approximately 75% (Fig. 3b;
Plummer and Wigley 1976; Plummer et al. 1978). As a
consequence, slightly undersaturated water can penetrate
deep into fractures and cause initial karstiﬁcation along
the entire pathway, thus allowing for the formation of deep
(but epigenic) conduit systems (Dreybrodt 1990; Rauch
and White 1977). Worthington (2001) evaluated the depth
of (epigenic) conduits in carbonate aquifers and found that
conduit development and karst water ﬂow can occur deep
below the water table. High ﬂow-path lengths and steeply
dipping strata favour deep karstiﬁcation.
Geogenic carbon dioxide
CO2 from other sources than the soil and atmosphere can
also cause karstiﬁcation. There are three principal origins
Fig. 3 Schematic diagrams illustrating geochemical processes contributing to hypogenic speleogenesis: a mixing corrosion—mixing of
two waters (A, B) saturated with respect to calcite results in a mixture (M) that is undersaturated (Bögli 1964); b dissolution kinetics—when
calcite-saturation exceeds 75%, dissolution rate drops to very low levels, thus allowing undersaturated waters to penetrate great depth
(Plummer et al. 1978; Dreybrodt 1990); c other acids—oxidation of H2S to H2SO4 boosts karstiﬁcation (Palmer 1991); d retrograde
solubility—in a closed system, calcite solubility increases with decreasing temperature, allowing for karstiﬁcation by cooling of upward
ﬂowing ﬂuids (Andre and Rajaram 2005)
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of geogenic carbon dioxide: transformation of organic
matter during oil, gas and coal formation; metamorphism
of carbonatic rocks in the crust; or degassing of the Earth’s
mantle, often associated with volcanic activities (Palmer
1995; Bissig et al. 2006).
Aggressive ﬂuids that evolved during organic dia-
genesis in subsiding basins are often charged with CO2
and also with organic acids and H2S (Mazzullo and
Harris 1992; Palmer 1995). Such ﬂuids can cause deep
karstiﬁcation, as demonstrated for several carbonate-
hosted hydrocarbon reservoirs such as the Permian Basin
in the USA (Mazzullo and Harris 1991). The karst
system of Stuttgart mentioned in the introduction is
characterised by high levels of CO2 from the mantle, as
demonstrated by isotopic studies (Ufrecht 2006b) and
discussed further in the following. In central Italy,
mixing of meteoric waters with ascending geothermal
ﬂuids of magmatic and metamorphic origin in Mesozoic
limestones results in aggressive waters including high
levels of both CO2 and H2S, which enhances limestone
dissolution (Minissale 2004). Other outstanding examples
of speleogenesis caused by geogenic CO2 are the
“Sistema Zacatón” in Mexico, the deepest underwater
pit in the world (−325 m), caused by volcanogenic CO2
(Gary and Sharp 2006), and deep sinkholes (Obruks) in
Central Anatolia, Turkey, where CO2 from the Earth’s
mantle has been identiﬁed as the source of aggressive-
ness (Bayari et al. 2009).
Hydrogen sulphide, sulphuric acid and the role
of microorganisms
Other geogenic acids also cause karstiﬁcation such as
hydrogen sulphide (H2S) and sulphuric acid (H2SO4) from
different sources. H2S is generated by microbial or
thermal reduction of sulphates in contact with organic
carbon (Hill 1987, 1990; Palmer 1995). Calcite dissolu-
tion by H2S can be described as follows:
H2Sþ CaCO3 ¼ Ca2þ þ HS þ HCO3 ð2Þ
However, the generation of H2S is generally accom-
panied by supersaturation with respect to calcite or
dolomite. Therefore, carbonate rock dissolution by H2S
is most effective if it escapes as a gas and is reabsorbed
in freshwater, or if the H2S-bearing water mixes with
another water, thus combining conventional mixing
corrosion and “rejuvenation” of H2S aggressiveness
(see the following; Palmer 2007). When H2S comes into
contact with oxygen-rich water, it forms sulphuric acid,
either via the intermediate step of native sulphur or
directly:
H2Sþ 2O2 ¼ H2SO4 ð3Þ
The reaction of calcite with sulphuric acid or other
strong acids (e.g. HCl) produces CO2 that is either
removed by degassing from an open system (Eq. 4) or
can cause additional dissolution in a closed system
(Eq. 5):
H2SO4 þ CaCO3 ¼ Ca2þ þ SO24 þ H2Oþ CO2 " ð4Þ
H2SO4 þ 2CaCO3 ¼ 2Ca2þ þ SO24 þ 2HCO3 ð5Þ
Equations 3 and 5 can be combined and explain the
burst of solutional capacity when groundwater containing
H2S comes in contact with oxygen, as also shown in
Fig. 3c:
H2Sþ 2O2 þ 2CaCO3 ¼ 2Ca2þ þ SO24 þ 2HCO3 ð6Þ
The oxygen requirement limits the depth to which this
process can take place (Palmer 1991). Oxidation of pyrite
(FeS2) or other sulphide minerals can also dissolve calcite:
FeS2 þ 2:5H2Oþ 3:75 O2 þ 4 CaCO3
¼ FeOOHþ 2 SO24 þ 4 HCO3 þ 4 Ca2þ
ð7Þ
Taking into account the molecular weights and den-
sities, this equation means that 1 cm3 of pyrite can
dissolve 6.18 cm3 of calcite. However, according to
Palmer (1991), pyrite is generally too dispersed to create
more than local porosity. Lauritzen and Bottrell (1994)
studied thermal karst springs in Spitsbergen (Norwegian
island in the Arctic Ocean) and found that H2S from
microbial sulphate reduction accelerates karstiﬁcation.
Hose et al. (2000) investigated a sulphur-rich cave in
Mexico and observed oxidation of H2S to H2SO4 and the
inﬂuence of these acids on karst development. Yoshimura
et al. (2001) studied a karst aquifer system in Taiwan and
observed that CO2 from deep sources and H2SO4 from
pyrite oxidation cause karstiﬁcation.
Microorganisms are involved in nearly all hydro-
geochemical processes in aquifers (Goldscheider et al.
2006) and also contribute to speleogenesis (Boston et al.
2009). Sulphuric acid speleogenesis and limestone dis-
solution are directly affected by chemolithoautotrophic
microorganisms through intimate cycling of carbon and
sulphur. These bacteria drive subaqueous sulphuric acid
speleogenesis by attachment to carbonate surfaces and by
generating sulphuric acid, which focuses local carbonate
undersaturation and dissolution in the phreatic environ-
ment (Bennett and Engel 2005). The simple oxidation of
organic acids by chemoorganoheterotrophic bacteria gen-
erates CO2 that can create initial karstiﬁcation in deep
fractures (Gabrovsek et al. 2000).
Rejuvenated aggressiveness due to evaporate
dissolution
Dissolution by deep meteoric waters can be enhanced by
the interaction between gypsum, dolomite and calcite even
in the absence of an acid source (Bischoff et al 1994;
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Palmer 2000). The incongruent dissolution of dolomite in
which dissolution of gypsum allows dolomite to dissolve
while forcing calcite to precipitate is an important but
hardly studied karstiﬁcation process (Plummer and Back
1980; Bischoff et al 1994; Palmer 2007). Carbonate rocks
are often associated with highly soluble evaporitic rocks
such as anhydrite and gypsum. Gunn et al. (2006) have
studied a karst system consisting of a 2,000-m thick
limestone sequence, draining toward several cold springs
and thermal springs. Isotopic and hydrochemical data
showed that the thermal springs include high sulphate
concentrations from evaporite dissolution below the lime-
stone sequence. Gunn et al. conclude that evaporite
dissolution can be a signiﬁcant process in deep carbonate
rock massifs at regional scales, as it creates pathways for
calcite-undersaturated groundwater, thus accelerating kar-
stiﬁcation (Fig. 2).
Retrograde solubility
Andre and Rajaram (2005) proposed a numerical model
for the simulation of limestone dissolution along fractures
by cooling of upward ﬂowing thermal waters. The key
process is “retrograde solubility” of calcite: In a closed
system, the solubility of calcite increases with decreasing
temperature (Fig. 3d). This effect increases with increas-
ing CO2 partial pressure. As a result, previously saturated
thermal water can cause karstiﬁcation during upward ﬂow
and cooling (Bakalowicz et al. 1987; Dublyansky 2000).
The most favourable areas are at the downstream end of
deep carbonate basins where water rises along faults or
where thermal convection is induced by deep igneous
sources (Fig. 2). Such settings are also favourable sites for
mixing with shallow oxygen-rich water and rising hydro-
gen sulphide. These processes appear to be more
signiﬁcant than cooling alone (Palmer 2000). At shallower
depths, in an open system, the escape of CO2 by pressure
release can cause calcite precipitation, leading to a typical
succession of cave formation and subsequent calcite
precipitation in karst systems that experience uplift such
as in the Hungarian Buda Karst (Dublyansky 1995).
Thermal baths supplied from karst aquifer systems
Introduction to thermal baths
Archaeological evidence indicates that at least 5,000 years
ago thermal waters were already being used for bathing
(e.g. Käss and Käss 2008). More than a hundred public
baths (thermae) were found in the former area of the
Roman Empire. The Turkish also built famous baths in the
Middle Ages, which served for cleaning and religious
purifying. Balneology nowadays means a therapeutic use
of mineral and thermal waters for the cure of diseases or
simply for relaxing. The use of thermal water for bathing
depends on its temperature, which has to be warm but not
above the human body temperature, resulting in a
favourable range of 20–37°C. Otherwise, the water has
to be heated or cooled before use.
Most historic baths use thermal water from springs
discharging from naturally ﬂowing systems, while modern
baths are often additionally or entirely supplied by wells.
Many important thermal baths are related to karst aquifers.
The following sections present three examples from
Hungary, Germany and the UK. Deep karst systems
discharging to thermal springs, often used for bathing,
also occur in other regions of the world such as the
examples from Europe, America, Africa, the Middle East
and East Asia cited in the introduction.
The Buda Karst, Hungary
Budapest is the capital of spas and Europe’s largest
naturally ﬂowing thermal system (Fig. 4). There are more
than 120 thermal springs (up to 65°C warm) and about 80
wells (up to 77°C warm) with a discharge of ca. 580 L/s
(Papp 1940) and a total exploited ﬂow rate of ca. 250 L/s
(in 2002). The Buda Thermal Karst forms the NE part of
the Transdanubian Central Range, consisting of several
thousand metres of Mesozoic carbonates, mainly Triassic
dolomites (Haas 1988). The Triassic rocks are separated
from the overlying Eocene formations by a Late Creta-
ceous to Eocene hiatus. Continuous marine sedimentation
from late Eocene to early Miocene resulted in the
deposition of 700 m of limestone, marl and clay (Báldi
1983; Nagymarosy et al. 1986). Post-volcanic ﬂuids
penetrated the Triassic-Eocene carbonates via fractures
and faults and precipitated barite, calcite and silica (Müller
1989; Nádor 1994; Dublyansky 1995). Gradual uplift of
the area started in the Neogene, causing erosion of the
clay cover and exposure of the Triassic-Eocene carbonate
rocks. Related to this uplift, a regional groundwater ﬂow
system developed in the Transdanubian Central Range.
There are three main discharge zones in Budapest, whose
elevation represents the base level of erosion of the Buda
Thermal Karst (Alföldi 1982). The thermal water rises up
along faults toward the springs (Fig. 5). The 14C age of the
hot spring water (40–60°C) is 5,000–16,000 years (Deák
1978). Lukewarm springs (20–28°C) from intermediate
ﬂow systems discharge next to the hot springs, particularly
in the central zone (discharge area b in Fig. 4).
The hot spring waters are rich in total dissolved solids
(1,200–1,700 mg/L) and CO2 (200–400 mg/L) and
characterised by a Ca–Na–Cl–SO4–HCO3 hydrogeochem-
ical facies. Extensive cave systems have developed below
the water table, due to mixing of ascending thermal waters
from the deep regional ﬂow system and shallower water of
meteoric origin from local ﬂow systems (Takács-Bolner
and Kraus 1989; Leél-Őssy and Surányi 2003; Erőss et al.
2008a).
Derbyshire thermal springs, UK
Derbyshire in England (UK) is known for its ten thermal
springs with temperatures up to 27.5°C and the associated
spas such as Buxton and Matlock. The springs discharge
from a karstiﬁed limestone aquifer of Dinantian age along
the boundary with the overlying strata related to the
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regional “Derbyshire dome” structure (Brassington 2007).
The entire carbonate succession is included in the Peak
Limestone Group with about 2,000 m total thickness. The
water is heated by circulation down to 1 km in depth. The
water of the warmest spring is 5,000 years old, determined
by isotope methods. The conﬁning layers were eroded
during the Pliocene, thus exposing the formerly conﬁned
system to meteoric recharge. The location of individual
springs was determined by valley deepening during the
late Pleistocene. The thermal springs are situated close to
the lowest outcrop point of the limestone and were found
to have higher sulphate concentration than the cold
springs (Edmunds 1971; Christopher et al. 1977). The
cold karst waters gain sulphate from the oxidation of
sulphide minerals, and inorganic carbon is depleted in 13C.
Thermal waters have higher Sr/Ca ratios and 13C
signatures, as a result of intense water–rock interaction
and long residence time. The elevated sulphate concen-
tration of the thermal waters is derived from interaction
with buried evaporites during deep groundwater ﬂow.
Gypsum dissolution has produced signiﬁcant porosity and
permeability in the carbonate aquifer, which contributes to
karst development (Worthington and Ford 1995; Gunn et
al. 2006).
The medicinal springs and baths of Stuttgart,
Germany
The baths of Stuttgart represent Europe’s second largest
mineral-water resource. The total discharge of 500 L/s is
similar to that at Budapest, but water temperatures are
lower. The springs are located near the Neckar River, i.e.
at the regional base level, and issue from a karst aquifer
formed by Middle Triassic Upper Muschelkalk Limestone
(Ufrecht 2006a). Between the meteoric recharge area 20–
30 km to the SW and the discharge zone, the aquifer is
mostly conﬁned by low permeability formations (Fig. 6).
The mineral water includes high levels of CO2 rising up
Fig. 4 Location of the Buda Thermal Karst in the Transdanubian Central Range and the natural discharge areas in Budapest. Legend: 1
Subsurface boundary of Mesozoic carbonates, 2 Uncovered Mesozoic carbonates, 3 Buda Thermal Karst, a–c northern, central and
southern discharge areas (modiﬁed after Erőss et al. 2008b)
Fig. 5 Generalised model for the ﬂow systems of the Buda Thermal Karst (Buda being the western part of Budapest city and Pest being
the eastern part). Legend: 1 travertine; 2 inactive, dry cave; 3 fault; 4 marls and clays; 5 carbonate rocks; 6 Neogene sediments; 7 local ﬂow
system; 8 intermediate ﬂow system; 9 upward regional ﬂow from the basement; 10 active underwater cave; 11 karst water table (modiﬁed
after Erőss et al. 2008b)
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from the Earth’s mantle along faults (Ufrecht 2006b). The
springs can be subdivided into two groups: Low miner-
alised springs in the northern sector with 0.5–1.6 g/L total
dissolved solids (TDS), CO2<250 mg/L and water
temperatures of 12–17°C; and highly mineralised springs
in the southern sector, used for cures and leisure baths,
with 3–7 g/L TDS, 1.3–2.4 g/L CO2 and water temper-
atures of 17–21°C.
Since 1984, chlorinated solvents at very low con-
centration levels have been detected in some of the
springs. This was the starting point of a detailed
hydrogeologic research program including two multi-
tracer tests (Goldscheider et al. 2003). In the zone of
highly mineralised springs, the tracer test revealed
maximum ﬂow velocities of up to 230 m/day (ﬁrst
tracer detection), dominant velocities of 36 m/day (peak
concentration) and 29% recovery. The tracer was
detected at eight highly mineralised springs, demon-
strating that a single contamination event in the city
area could impact most of the medicinal springs. The
breakthrough curves displayed extremely long tails,
some lasting up to 2 years, suggesting intermediate
storage of tracer in large cavities and subsequent slow
release into the active conduit network (Goldscheider
2008). The supposed caves are probably the result of
hypogenic speleogenesis due to mixing, retrograde
calcite dissolution and CO2 from the mantle. Indeed,
in areas where the Upper Muschelkalk limestone has
been exposed by uplift and erosion such as in parts of
Baden-Württemberg (SW Germany) or Luxemburg,
maze caves are known that show typical features of
hypogenic speleogenesis (Klimchouk 2007). Currently,
the planned construction of a huge underground railway
station (“Stuttgart 21”) upgradient from the medicinal
springs represents a potential threat to the integrity of
this mineral water resource, although the excavations
will be done in the formations overlying the karst
aquifer.
Geothermal energy from deep carbonate rock
aquifers
Advantages and challenges of geothermal resources
in carbonate rock aquifers
Deep carbonate rock aquifers are predestined for both
direct thermal-water use for district heating and
electric power generation, generally by means of
Fig. 6 Location, geologic map and hydrogeologic section of the hypogenic karst aquifer system of Stuttgart, from the recharge zone to the
mineral springs (modiﬁed after Goldscheider et al. 2003)
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doublet systems consisting of an injection and pro-
duction well (Fig. 2). The dominant parameters
determining the type and use of geothermal resources
are wellhead temperature and ﬂow rate (Dickson and
Fanelli 2003; Gupta and Roy 2007). The temperature
depends on the local geothermal gradient and drilling
depth. The ﬂow rate is a function of the pumping
energy and the natural or enhanced transmissivity of
the aquifer, which depends on its mean permeability
and thickness. Geothermal installations are only
economically viable if the produced energy is signiﬁ-
cantly higher than the energy required for pumping
and other purposes, which applies both for heating
and electricity production. The higher the transmis-
sivity, the lower the pumping energy required to
obtain a speciﬁc ﬂow rate. Consequently, the efﬁ-
ciency of geothermal power plants directly depends on
reservoir permeability and transmissivity (DiPippo
2008). Deep carbonate rocks often have higher
permeabilities than other reservoirs, as illustrated by
the three following representative examples from
fractured, porous and karst aquifers:
The well-known Enhanced Geothermal System (EGS)
project at Soultz-sous-Forêts (France) is an example of a
fractured crystalline rock (granite) reservoir. A mean
permeability of 3×10−14m2 was found in the most
fractured zones, inferred from temperature models (Kohl
et al. 2000). This is in agreement with maximum hydraulic
conductivities of 2.3×10−6m/s determined from tracer
tests (Aquilina et al. 2004).
A typical geothermal aquifer with predominantly inter-
granular porosity is present at Neustadt-Glewe (Germany),
where a doublet system produces thermal water from porous
Middle Raethian Sandstone with a mean permeability of 7×
10−13m2 (Menzel et al. 2000).
The power plant at Riehen (Switzerland) exploits the
Upper Muschelkalk Limestone aquifer. A permeability of
2×10−12m2 was measured at the injection well, i.e.
substantially higher than the values for porous and
fractured reservoirs in the examples in the preceding.
Thermal water with a temperature of 66°C and a ﬂow rate
of 18 L/s is obtained at the production well and used for
district heating (Dickson and Fanelli 2003). Both wells are
located at a highly fractured zone near the main boundary
fault of the Upper Rhine Graben (Boissavy and Hauber
1994).
Heterogeneity is a major challenge in the exploita-
tion of geothermal resources in carbonate rock aqui-
fers. Geothermal installations in these aquifers are not
only characterised by a high efﬁciency if the drillings
encounter highly fractured and/or karstiﬁed zones
(hypogenic speleogenesis) such as in the case of
Riehen and other successful examples discussed in
the following, but also by a high exploration risk if
these high-permeability zones are missed (Paschen et
al. 2003). Therefore, detailed geological, geophysical
and hydrogeological prospection is indispensible for
the reservoir assessment, as well as a better under-
standing of hypogenic speleogenesis.
Geothermal resources and operating systems
in carbonate aquifers in Central Europe
The best examples of geothermal power plants in deep
carbonate rocks can be found in Central Europe, partic-
ularly in the Upper Malm of the Northern Alpine Molasse
Basin, the Upper Malm and Dogger of the Paris Basin,
and the Upper Muschelkalk in the Upper Rhine Graben.
Currently operating geothermal systems using hot water
from these reservoirs are summarised in Table 1.
The Middle Triassic Upper Muschelkalk Limestone
represents an important geothermal reservoir in Central
Europe, particularly in the region of the Upper Rhine
Graben between Germany, France and northern Switzer-
land (Paschen et al. 2003). Stober and Jodocy (2009)
evaluated different geothermal reservoirs in this region and
found ca. 10-times higher mean-transmissivity-thickness
ratios in the Muschelkalk Limestone (2.0×10−6m/s) than in
the Lower Triassic Bunter Sandstone (2.4×10−7m/s). This
ﬁnding suggests at least some degree of karstiﬁcation of the
Muschelkalk Limestone. According to Fischer et al. (1971)
and a report published by Nagra (1990), fracturing and
karstiﬁcation of this limestone formation have caused
hydraulic conductivities ranging from 7×10−7m/s to 3×
10−6m/s at fault zones. The example of Riehen has already
been discussed in the preceding and is summarised in
Table 1.
The Paris Basin in France includes four main aquifers,
among which the carbonate rocks of the Dogger are most
relevant for geothermics (Ungemach et al. 2005). The
Bathonian includes three productive levels, known as
Comblanchian, Oolitic and Cyclical units. The oolitic
limestones have high matrix porosity and are most
productive. This formation and one of the Comblanchian
units have preserved their original porosity, whereas the
void porosity of the Cyclical units has been reduced by
diagenesis. Fracturing and dissolution may have contrib-
uted to an enhancement of porosity, but this has not been
studied in detail. The Dogger occurs at depths between
1,500 and 2,000 m with reservoir temperatures between
50 and 85°C. The most productive horizon in the Upper
Malm of the Paris Basin is the Lusitanian Limestone.
There are currently 31 operating doublet systems used for
district heating, with ﬂow rates of 40–170 L/s and a total
thermal energy production of 12,500 MWh (Vathaire et al.
2006).
At the moment, Germany’s largest geothermal power
plant is located at Unterhaching near Munich (Fig. 7) and
uses hot water from the Upper Malm Limestone aquifer
that is present at the base of the Molasse Basin in the
northern foreland of the Alps in Switzerland, Germany
and Austria (Paschen et al. 2003; Table 1). The production
well at Unterhaching is 3,346 m deep and produces 150 L/s
of 123°C hot water, used for heating and electric power
generation. Wolfgramm et al. (2007) estimated a mean
permeability of 1.3 to 2.0×10−12m2 at this well, assuming an
aquifer thickness of 350m; however, two thirds of the inﬂow
comes from a 100-m thick zone. The power plant is located
at a major NNW–SSE striking fault zone. The injection well
was drilled through a fault with a vertical displacement of
10
238 m. This example illustrates again the high heterogeneity
of carbonate rock aquifers and the important role of fault
zones.
The geothermal installation in the village of Altheim
(Austria) also uses hot water from the Malm aquifer
(Table 1) and provides an example of a cascade system
(Fig. 8), allowing the multiple use of geothermal
resources. A temperature of 90°C is required for the
district heating system, while 65°C sufﬁces for the
swimming pool and for heating the school. This allows
a parallel circuit for district heating and electric power
production and a serial circuit for electric power
production and heating of the swimming pool and
school. The geothermal brine reaches 106°C at the
wellhead. The output temperature at the ﬁrst heat
exchanger is 90°C, which is reduced by the heating
system to about 70°C. The heat exchanger of the power
plant also provides hot water at 70°C, which then
supplies the third heat exchanger for the swimming pool
and the school. The doublet system of Bad Blumau
(Austria) combines electric power generation with spa
utilisation. Up to 80 L/s of 110°C hot thermal water are
pumped from the Malm Limestone aquifer.
CO2 sequestration at geothermal installations
in carbonate rock aquifers
The equation describing calcite dissolution (Eq. 1) illus-
trates that karst processes are natural sinks for CO2. Based
on this observation, Rau et al. (2007) proposed using
water and waste ﬁnes from crushed limestone production
to capture CO2 from fossil energy combustion and release
the dissolved compounds into the ocean; unlike direct
CO2 release into the ocean or atmosphere, this would
not cause acidiﬁcation. CO2 can also be sequestered in
different types of geologic reservoirs (Bachu 2002; Bickle
2009). The major concerns and problems of this approach
Table 1 Summary of geothermal installations currently producing geothermal energy for district heating and electric power generation
from selected karst aquifers in Central Europe (compiled from different sources)
Location Production/
injection T (°C)
Flow rates (L/s)
pump/no pump
Well depth (m)
production/injection
Aquifer Thermal
power (MW)
Altheim (Austria) 106/65 ca. 50/46 2,300/2,165 Upper Malm 11.5
Bad Blumau (Austria) 110/50 ca. 80/30 2,843/2,583 Upper Malm 7.6
Bad Waltersdorf (Austria) 63/55 NA/17 1,400/1,061 Upper Malm 2.3
Geinberg (Austria) 105/35 ND/25 2,225/NA Upper Malm 7.8
Simbach Braunau (Austria) 81/ND 74/30 2,200/1,848 Upper Malm 9.3
Paris Basin (France) 31
operating doublets
50–85/ca. 45 40–170/ND 1,400–2,000/900–2,000 Dogger NA
Riehen (Switzerland) 66.4/52.2 18/ND 1,547/1,247 Upper
Muschelkalk
3.6
Erding (Germany) 65/ND 55/ND 2,350/2,060 Upper Malm 8
Pullach (Germany) 107/ND 50/ND 3,443/3,370 Upper Malm 6
Riem (Germany) 93/ca. 50 75/ND 2,746/3,020 Upper Malm 9
Unterföhring (Germany) 86/ND 50/ND 2,512/2,120 Upper Malm ND
Unterhaching (Germany) 123/ND 150/ND 3,346/3,590 Upper Malm 40
Unterschleissheim (Germany) 81/ND 90/ND 1,960/2,000 Upper Malm 13
Legend: NA not applicable (e.g. injection data for single-well systems); ND no data available
Fig. 7 Schematic NE–SW proﬁle illustrating geothermal resources in the Upper Malm Limestone aquifer below the northern foreland of
the Alps (Bavaria, Germany), with increasing depth and temperature towards the Alps (SW). Three examples of geothermal installations are
shown (technical details in Table 1), which exploit the fault-bound thermal water reservoirs in this aquifer
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are the long-term safety (concentrated CO2 escaping from
the reservoir could potentially kill people) and the energy
consumption for pumping the gas underground. Rosenbauer
et al. (2004) studied the interactions of CO2 with different
types of host aquifers and report that increasing porosity due
to limestone dissolution results in higher permeability and,
thus, alleviates formation-plugging problems near injection
zones (Fig. 2). Pruess (2008) evaluated the use of CO2 as a
working ﬂuid for enhanced geothermal systems and found
that it is superior to water in its ability to mine heat from hot
fractured crystalline rock.
Several of these approaches could be combined by
using geothermal installations in deep carbonate rock
aquifers for CO2 sequestration, which appears to be a
promising approach:
– Operating injection wells and pumps could be used for
sequestration, thus minimising additional infrastructure
and energy demand.
– CO2 partly reacts with limestone to form soluble and
harmless calcium and bicarbonate ions, so there would
be less safety concerns.
– This process would at the same time increase reservoir
porosity and transmissivity, which also means higher
production rates and better efﬁciency of the geothermal
installation.
The following example, based on rough estimations
and simpliﬁed assumptions, illustrates the approach. The
pumping rate of large geothermal installations can reach
150 L/s (Table 1). Natural carbogaseous waters often
include several g/L of CO2 (Bissig et al. 2006; Ufrecht
2006b). On this basis, it is estimated that, for the purpose
of sequestration, 1–10 g/L of CO2 could be mixed with
the water and pumped into the aquifer via the injection
well, although feasible CO2 concentrations critically
depend on pressure–temperature conditions and technical
aspects, which would require further investigation. These
values correspond to a CO2 sequestration rate of 150–
1,500 g/s or 4.7×103 to 4.7×104 tons/year, for one
geothermal installation. Under the simpliﬁed assumption
that all CO2 reacts with the limestone, this quantity would
dissolve 1.1×104 to 1.1×105 tons of calcite, correspond-
ing to 4.0×103 to 4.0×104m3/year. For an assumed
carbonate rock reservoir of 1 km×1 km×100 m (108
m3), this means an additional porosity of 0.004–0.04% per
year, resulting in 0.12–1.2% total additional reservoir
porosity for an assumed lifetime of 30 years.
Due to the dissolution kinetics of limestone (Dreybrodt
1990), porosity would not only be created around the injection
well but increase fracture apertures in a wider network and,
thus, increase aquifer transmissivity and the efﬁciency of the
geothermal installation. Due to the favourable mechanical
properties of limestones, cavities are generally stable, so that
the risk of collapse or subsidence would be low. However, as
ill-conceived interventions into the geologic environment can
cause avoidable damage (e.g. Goldscheider and Bechtel
2009), the feasibility of this technique should be carefully
evaluated prior to implementation.
Conclusions and outlook
Most previous hydrogeologic karst and cave research has
focused on relatively shallow and accessible cave systems
and cold-water karst aquifers, so-called epigenic karst
systems, which are crucial for drinking-water supply (Ford
and Williams 2007; Goldscheider and Drew 2007). Only
relatively recently, have geoscientists become aware of
other types of cave and karst systems, which are generally
deeply conﬁned and, thus, inaccessible, often without any
discernible surface karst landforms. These hypogenic karst
systems are related to deep regional groundwater circula-
tion systems and are probably much more widespread than
previously suspected. Groundwater is a geologic agent
(Tóth 1999) and also the main driver for the creation of
porosity in deep carbonate rock aquifers. These processes
can be summarised under the term hypogenic speleogenesis
(Palmer 1991; Klimchouk 2007). Many different hydro-
geochemical reactions are involved such as mixing corro-
sion, retrograde calcite solubility, dissolution due to
geogenic acids from deep sources, and other processes.
From a practical point of view, thermal and mineral
water resources in deep carbonate-rock aquifers are
important for humanity. Many thermal baths around the
world are supplied by hot springs issuing from karst
aquifers or by pumping wells drilled into these aquifers.
Fig. 8 Scheme of heat and power production for a typical cascade utilisation with priority of district heating and additional electric power
generation in an Organic Rankine Cycle process, as well as utilisation of rest heat for a public building and swimming pool (example from
Altheim, Austria; generalised)
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The world-famous baths of Budapest are probably the best
example. Thermal water from deep carbonate aquifers is
increasingly used by geothermal installations, usually
doublet systems, for electricity production, district heating
and other purposes. The main advantages of geothermal
energy are the low CO2 emissions (unlike fossil energy)
and the low land consumption (unlike so-called “bio-
fuels”), while the comparatively high costs currently still
represent a limitation. The most productive zones in deep
carbonate-rock aquifers are often associated with fault and
fracture zones, where high permeabilities and, thus, high
ﬂow rates of hot water can be encountered, resulting in a
high efﬁciency of the geothermal installation. Zones
affected by hypogenic speleogenesis would also be
promising targets for geothermal drillings. However, due
to the heterogeneity of carbonate rock aquifers, the
exploration risk (or exploration uncertainty) of geothermal
drillings in such aquifers is relatively high, i.e. the
drillings might miss the high-permeability zones. Further
progress in understanding of hypogenic speleogenesis
could reduce this risk. The sequestration of CO2 in
geologic reservoirs is increasingly discussed (e.g. Bickle
2009). Sequestration into deep carbonate-rock aquifers via
geothermal injection wells is a promising approach, both
economically and in terms of safety, although not without
drawbacks such as possible land subsidence.
The vulnerability of freshwater resources in karst
aquifers to contamination is common knowledge. Thermal
aquifers, due to their often deep and conﬁned setting,
might be considered as naturally well protected, renewable
and quasi-inﬁnite resources. However, contamination of
thermal and mineral water supplying spas does occur,
although it is rarely reported (e.g. Goldscheider et al.
2003). The increased use of geothermal energy and
possible future large-scale CO2 sequestration in geologic
reservoirs also represent potential conﬂicts of interests and
threats to the natural quantity and quality of thermal water.
Consequently, this review also aims at drawing the
attention of hydrogeologists to the challenges and prob-
lems associated with the sustainable use of thermal water
resources from carbonate rock aquifers. A systematic
assessment, evaluation and mapping of these resources,
both at national scales and globally, would be an ambitious
project but would provide a useful basis for the manage-
ment of thermal water from deep carbonate-rock aquifers.
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